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Abstract 
Rack and pinion drives are linear actuators commonly found in feed axes of machine tools and handling systems. Despite their 
use in demanding production environments and the possibility of failure due to foreseen or unforeseen cause, as of this writing,
no condition monitoring systems are used in such applications. This paper shows the prospects of condition monitoring of rack 
and pinion drive systems concerning predictability of faults and saving of resources. Additionally the current state of the art of 
science and technology in this field and the challenges of condition monitoring of such drive systems under the circumstances of
production environments are outlined. The publication concludes the need for action and gives an outlook on ongoing 
developments in condition monitoring of rack and pinion drives. 
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1. Introduction 
Rack and pinion drives (RPD) are linear actuators 
commonly found in feed axes of machine tools and handling 
systems. Distinguishing features are virtually unlimited 
maximum length of travel and constant dynamic 
characteristics along the travel, making them recommended 
for feed drive systems with long travel distances. Competing 
systems are linear direct drives (LDD) and ball screw drives 
(BSD). While being the most common type of drive system, 
ball screw drives can only be used up to a certain length [1].  
Load and environmental conditions can lead to different 
kinds of damages in the components of RPDs, altering their 
operation characteristics. This can affect the quality of the 
produced parts and reduce productivity. Eventual failures of 
feed axes will cause stoppages of production systems.  
Condition monitoring is the monitoring of parameters in 
machinery in order to indicate developing faults. As a 
prerequisite of predictive maintenance it becomes more and 
more important in modern production systems, where it can 
reduce the likelihood of unforeseen failures and stoppages. It 
can also help minimize the use of material and energy [2]. 
Therefore the existence of a condition monitoring system 
for rack and pinion drives is standing to reason. 
Nomenclature 
RPD rack and pinion drive 
BSD ball screw drive 
LDD linear direct drive 
CM  condition monitoring 
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2. Rack and pinion drives 
Fig. 1. Typical setup of a RPD in machine tools 
2.1. Overview
The typical setup of a rack and pinion drive inside the feed 
drive system of a machine tool is illustrated in Fig. 1, showing 
a cross section in a plane perpendicular to the direction of 
travel. The RPD in this example consists of a rack that is 
coupled to the machine base and a pinion that is stationary to 
the slide of the machine. The dashed black line highlights the 
contact between rack and pinion.  
Because of the power transfer on the pinion being 
characterized by low revolutions and high torque, usually 
additional gear steps are needed [1]. Shown here is a planetary 
gear box between servo motor and pinion. The reduction gear 
and the servo motor are separate components that are not part 
of the scope of this paper. Condition monitoring for these 
components can be done independently. 
For accurate positioning the drive train has to be designed 
for high stiffness. This includes the reduction of backlash and 
the establishment of preload. For this purpose two methods 
are commonly used. One is by mechanical means, employing 
a spilt pinion and a spring. The other possibility is to use two 
RPDs with separate servo motors on the same rack [1, 3] This 
method also allows dynamically changing the preload and 
combining the feed force of the two drives via the electrical 
control system of the servo motors. 
Not shown here is the optional lubrication system, which 
usually consists of a lubrication pump, tubing, and a porous 
lubricating pinion. 
2.2. Properties
Recent scientific studies on rack and pinion drives in 
machine tools like [4] and [3] have covered the static and 
dynamic properties of feed drives. These properties are the 
attainable feed force, the permitted acceleration, the kinematic 
accuracy, and the static and dynamic stiffness of machine 
axes [3]. 
These properties directly influence productivity and the 
quality of the produced parts; therefore it is important to keep 
them at certain levels over the entire service life of the 
machine.
3. Necessity for condition monitoring of rack and pinion 
drives 
Rack and pinion drives have at least two mechanical 
components that are susceptible to damages: the geared rack 
and pinion. Developing faults of the components of feed 
drives will lead to the deterioration of their properties and to 
the total failure of the feed axes.  
Fig. 2. Percentages of machine tool component failures [5] 
Figure 2 shows that stoppages of machine tools are caused 
primarily by component failures of their feed axes [5]. 
3.1. Financial Factors 
The economic importance of condition monitoring can be 
estimated by regarding the life cycle costs of production 
equipment. Figure 3 shows the cost shares of a machining 
centre as an example [6]. Note that the combination of costs 
from maintenance, service and the lack of availability is 18% 
of the overall costs and more than two thirds compared to the 
investment in the machine, including financing. 
Fig. 3. Distribution of cost shares of the overall life cycle 
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By using CM in production environments, the maintenance 
strategy can be changed in a way, that there are less 
maintenance costs and costs caused by lack of availability  
[2, 5].  
3.2. Resource Use 
On the one hand, a strategy using CM will avoid premature 
disposal of otherwise good components, by making better use 
of their working life; and on the other hand, avoid 
consequential damages to other components in case of 
unforeseen failure. If the lubrication system can be controlled 
by the monitored condition, excessive lubrication can be 
avoided. Excessive lubrication is not only a waste of 
lubricants, but also a source of contamination of the process 
and the environment. Negative influences on the process, 
caused by deteriorating properties or the aforementioned 
contaminations, can ultimately lead to rejects and therefore to 
a waste of materials and energy. 
4. Condition monitoring system for rack and pinion drives 
The specific properties of rack and pinion drives on the one 
hand and the conditions of production environments on the 
other lead to a catalogue of requirements and challenges a 
potential condition monitoring system for RPDs has to face. 
This paper will point out and discuss the significant 
requirements for the proposed use of such a system. 
4.1. Requirements and challenges 
The rack and the pinion are susceptible to damages 
generally seen on gears; the damages that occur during 
operation can be briefly categorized as [7, 8]: 
x Pitting caused by fatigue failure of the surface. 
x Wear: material loss caused by the relative movements of 
the gears and abrasive particles in the lubricant. 
x Breakage caused by fatigue failure of the teeth or excessive 
loads. 
x Scoring caused by breakdown of the lubrication film and 
local solid phase welding at the contact points. 
Rack and pinion drives are open gears; rack and pinion are 
not enclosed in a gearbox. Hence RPDs are prone to specific 
failure causes additional to those seen in cyclic gears. 
Together with users of RPDs the following points could be 
identified: 
x The possibility of installation errors and improper design: 
The axial distance and the angular alignment are not fixed 
by a gearbox. In addition, the compliance of the mechanics 
is determined by the construction of the machine the drive 
is installed into. This can lead to adverse conditions at the 
gear contact. 
x Lack of lubricant: Without containment, RPDs cannot be 
lubricated for lifetime by the manufacturer. Therefore they 
must be lubricated regularly by the user either via a 
separate system that represents an additional source of 
failure. Or lubricated manually, which can easily be 
neglected. 
x Contamination: The system can be contaminated by dust or 
chips from the production environment and the process. 
To have forecast lead-time for the actions necessary to 
circumvent the impact on the production system, the condition 
monitoring system must detect developing faults, which 
influence the properties presented in chapter 2.2, at an early 
stage or it must detect the possible cause of such a fault. In 
both cases, the characteristic signal must be strong enough to 
be detected and to be distinguished from spurious signals by 
the CM system. The use of vibration analysis for condition 
monitoring of feed drives relies on the mechanical properties 
of the component it is applied for. Ball screw drives and ball 
bearings for example have point contacts between their 
moving elements. When the momentary point of contact 
passes a localized defect on the raceway, the compliance of 
the system varies significantly due to the finite number of 
contacts in the system [9]. Under load, these variations lead to 
vibration, which can be detected by a CM system. In contrast, 
the gear teeth of RPDs make line contacts witch distribute the 
load over a broader area of the component surface. Localized 
defects have less influence on the compliance of such a 
contact.
Fig. 4. Contact lines in helical and straight gears 
Additionally, two geometrically different kinds of gears for 
RPDs are in use. In applications such as machine tools, helical 
gears are preferred over straight gears due to a number of 
advantages. Fig. 4 shows the difference between contact lines 
of straight (a) and helical (b) gears on a tooth face. As can be 
seen from the figure, accumulations of defects like zones with 
advanced pitting (c) will have greater effects on the contact 
lines of straight gears as on the contact lines of helical gears 
that are distributed over different zones with different levels 
of damage. Adding to this effect, helical gears will make 
contact with more than one tooth at a time, reducing the 
increase of compliance caused by defects that are usually 
specific to a single tooth like gear tooth cracks. To assess the 
influence of compliance variations at the contact line of rack 
and pinion on the slide of the machine, the total compliance 
can be expressed via equation 1 [3]: 
tablemotorgears kkkk
1111   (1) 
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The compliance is given as the inverse of the static 
stiffness k for the motor, the table (slide), and the gear system 
(consisting of reduction gear, rack, and pinion). The 
compliance of the gear can be split into the compliance of the 
contact between rack and pinion and the compliance of the 
reduction gear. Usually the compliance of the contact between 
rack and pinion is relatively low compared to the system 
compliance. Therefore compliance variations at the rack and 
pinion have little effect on the other components coupled via 
the reduction gear. In order to measure vibrations close to the 
origin of the signal, the vibration sensor or sensors have either 
to be close to the rack, which can be virtually of any length, or 
have to be close to, or at the pinion, which is rotating. The 
installation location of the rack and pinion drive is usually in a 
confined space of the machine. So, the parts of the CM system 
that have to be close to the drive must fit in the available 
space and must be resistant to the lubricants and 
contaminations1 found in this environment.  
4.2. State of the art 
Research on the state of the art of condition monitoring 
systems is being conducted by the authors. As of this writing 
there has been no reference to the use of such a system in 
combination with RPDs. In general, RPDs are not as well 
scientifically and systematically analyzed as other systems 
like BSDs [3]. 
The possible principle of CM of RPDs can be assessed by 
observing the state of the art of other linear actuators and by 
using analogies of RPDs with cyclic gears.  
Fig. 5. Comparison of CM principles for linear feed drives 
1 e.g. abrasion from the drive system or material from the 
production process 
A comparison of different base principals found for the 
condition monitoring of the two competing feed drive systems 
ball screw drive, and linear direct drive is given in Fig. 5. 
Additionally, possible principles for the CM of rack and 
pinion drives, derived from CM of cyclic gears and 
gearboxes, and their estimated fitness regarding the 
requirements given in chapter 4 are shown. 
For ball screw drives, condition monitoring systems have 
been found that are based on: 
x Analyzing the vibrations caused in the operation of such 
drives [10]. This method is also applicable to cyclic gears 
and planetary gearboxes as well (see below).  
x Loss of preload, influences on the closes loop control and 
position errors [11]. These methods do not require 
additional sensors in many applications but depend on 
exact knowledge of the dynamic properties of the drive and 
the control system. For applications in RPDs the timely 
detection of faults is in question. 
x Detection and characterization of the ball movements [12]. 
This method is specific to the use in BSDs and cannot be 
adapted to RPDs. 
Linear direct drives differ from RPDs and BSDs due to the 
lack of friction; nevertheless condition monitoring can be 
done for the electrical parts of the drive, which are not subject 
of this paper. The converter of the drive usually monitors the 
temperature of the motor windings. Furthermore open circuits 
and short circuits of the windings or cables will be detected by 
the current controller of the converter. Both are standard in 
the application of linear direct drives and rotary servo motors 
alike. 
The components of the RPD are split into rack, pinion and 
lubrication systems allowing covering the state of the art, 
despite the lack of information regarding rack and pinion 
drives. Since there is no information available regarding 
racks, these can be treated as cyclic gears with infinite 
numbers of teeth. For cyclic gears and planetary gearboxes in 
particular there is a range of principles used for CM: 
x Vibration analysis [8] has proven to be an exceptionally 
accurate indicator for the monitoring of gears. In respect to 
RPDs, the aforementioned requirements of early fault 
detection and the mechanical properties of the drive make 
its application difficult. 
x Acoustic emission [13, 14] can be used to monitor faults 
and causes of faults in gears and has a high potential of 
early fault detection. 
x Monitoring of lubricant properties (quality and quantity) 
[15]. For the application on RPDs, the lubricant has to be 
monitored in an unenclosed environment; the currently 
available sensor technology is not applicable to this case. 
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As a result, three principal methods of condition 
monitoring of RPDs show potential: 
x Vibration analysis 
x Position errors and dynamic characteristics of the closed 
loop control 
x Acoustic emission analysis: this is the only principle that 
addresses the effectiveness of the lubrication system 
directly and has a potential in early fault detection. 
To be used as a basis of CM of RPDs further investigations 
on the feasibility of these principal methods have to be 
conducted.
5. Conclusion 
In this publication the necessity for condition monitoring 
of rack and pinion drives is shown. Further on, it is pointed 
out that such a system has to be specifically designed 
regarding the specifics of such drives and that such a system 
does not yet exist. Based on the state of the art of condition 
monitoring of competing liner drive systems and similar 
components, three potential principles of condition 
monitoring of rack and pinion drives are proposed. The 
feasibility and limitations of these principals have to be 
determined empirically. 
6. Outlook 
Based on the findings presented in this paper, two test 
stands for RPDs have been designed at the wbk Institute of 
Production Science at Karlsruhe. One is already in operation 
in the feed drive laboratory of the institute and currently used 
to evaluate the condition monitoring system principles 
proposed in chapter 4.2. Fig. 6 shows the slide of the test 
stand with the two RPDs used to generate electrically 
controlled movement and preload.  
Fig. 6. Rack and pinion test stand 
Additionally, a second test stand, that will be able to 
operate an electrically preloaded rack and pinion drive, a ball 
screw drive, a linear direct drive, and a hydraulic shaker at the 
same time, is currently set up. This test stand will allow 
operating the linear drives under realistic load scenarios, 
obtained from real production equipment. 
Another aspect of feed drives is their resource efficiency 
concerning energy demand and life time, this has been shown 
for the ball screw drive [16]. 
For the successful implementation of CM system, different 
algorithms can be used to detect different failures and causes 
of failures, additionally, more than one type of sensor signal 
obtained from the drive and information from the control of 
the drives can be used. The algorithms and their parameters 
can be improved if the CM system itself is monitored and data 
concerning the circumstances of detected or undetected fault 
is gathered. Such a CM system would be a cyber physical 
system, which can be connected via internet technology to the 
machine control and to a database. Such systems have been 
proposed for use in BSDs [17] and could be used in condition 
monitoring of RPDs as well. 
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